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Abstract 

Tissue  inhibitors  of  matrix  metalloproteinase  (TIMPs)  are  multifunctional  proteins  with  both  matrix 
metalloproteinases  (MMPs)  inhibitory  effects  and  growth  regulatory  activity.  TIMP-4,  a  novel 
human  tissue  inhibitor  of  metalloproteinase,  was  identified  and  characterized.  Enzymatic  kinetic 
studies  revealed  IC50  values  of  19,  3, 45,  8,  and  83  nM  for  MMP-1,  MMP-2,  MMP-3,  MMP-7,  and 
MMP-9,  respectively.  TIMP-4  has  a  strong  inhibitory  effect  on  the  invasion  of  human  breast  cancer 
cells  across  reconstituted  basement  membranes.  To  determine  if  TIMP-4  can  modulate  the  in  vivo 
growth  of  human  breast  cancers,  we  administrated  TIMP-4  both  locally  by  transfection  of  the  gene 
into  breast  cancer  cells  and  systemically  by  a  gene  therapy  approach  with  intramuscular  injection  of 
TIMP-4  expression  plasmid.  Overexpression  of  TIMP-4  locally  in  breast  cancer  cells  inhibited  the 
invasion  of  the  cells  in  the  in  vitro  and  tumor  growth  in  nude  mice.  However,  here  we  report  that 
systemic  administration  of  human  TIMP-4  by  electroporation-mediated  intramuscular  injection  of 
naked  TIMP-4  DNA  stimulates  tumorigenesis  of  human  breast  cancer  cells  in  nude  mice.  In 
consistence  with  tumor  stimulatory  effect,  TIMP-4  upregulates  Bcl-2  and  Bcl-XL  protein.  TIMP-4 
also  protects  apoptosis  in  human  breast  cancer  cells  in  vitro  and  mammary  tumors  in  vivo.  A 
synthetic  MMP  inhibitor  BB-94  did  not  have  such  anti-apoptotic  effect.  Analyses  of  TIMP-4 
expression  in  human  mammary  specimens  indicate  that  TIMP-4  protein  is  increased  in  mammary 
carcinoma  cells  compared  with  normal  mammary  epithelial  cells.  These  data  indicate  an  anti- 
apoptotic  activity  in  breast  cancer  cells  and  a  tumor-stimulating  effect  of  TIMP-4  when  administrated 
systemically. 
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I.  BACKGROUND  AND  SIGNIFICANCE 

The  overproduction  and  unrestrained  activity  of  MMPs  have  been  linked  to  malignant 
conversion  of  tumor  cells.  Augmented  MMP  activity  is  associated  with  the  metastatic  phenotype  of 
carcinomas  (1-4).  Decreased  production  of  TIMP  could  also  result  in  greater  MMP  activity  and 
invasive  potential  of  cancer  cells  (5,  6).  In  fact,  tumor  invasion  and  metastasis  can  be  inhibited  by 
up-regulation  of  TIMP  expression  in  tumor  cells  (7-13).  Alternatively,  down-regulations  of  TIMP- 1 
and  TIMP-2  have  been  reported  to  contribute  significantly  to  the  tumorigenic  and  invasive  potentials 
(14-16).  In  addition  to  inhibiting  tumor  cell  invasion  and  metastasis,  overexpression  of  TIMPs  in 
tumor  cells  also  inhibit  primary  tumor  growth  (8-13). 

TIMPs  have  been  shown  to  be  multifunctional  factors.  In  conrast  with  their  anti-MMP 
activity,  TIMPs  also  regulate  cell  growth.  The  stimulating  effect  on  cell  growth  was  initially 
recognized  when  TIMP-1  and  TIMP-2  were  identified  to  have  erythroid-potentiating  activities  (17- 
18).  It  is  now  clear  that  TIMP-1  and  TIMP-2  are  mitogenic  for  non-erythroid  cells,  including  normal 
keratinocytes,  fibroblasts,  lung  adenocarcinoma  cells,  and  melanoma  cells  (19-21).  In  addition,  the 
recent  evidence  indicates  that  TIMP  family  is  involved  in  apoptosis.  While  it  has  been  demonstrated 
in  mammary  epithelial  cells  and  lymphocytes  that  TIMP-1  and  TIMP-2  have  antiapoptotic  effect  and 
enhance  tumor  cell  survival  (22-24),  TIMP-3  induces  apoptosis  (25).  The  role  of  TIMP-4  on 
apoptosis  has  not  been  identified. 

Although  the  inhibitory  effects  of  TIMP  on  tumor  growth  and  metastasis  was  achieved  by 
local  expression  of  the  TIMP  genes  into  tumor  cells,  most  MMPs  and  TIMPs  are  not  expressed  in 
genetically  altered  cancer  cells  but  synthesized  and  secreted  by  adjacent  stromal  fibroblasts  (26-28). 
Potential  therapeutic  application  of  TIMPs  for  cancer  treatment  is  limited  (a)  by  the  lack  of  a  method 
for  systemic  administration  of  TIMPs  which  can  reach  distant  tumor  locations  and  (b)  the  lack  of 
systemic  assessment  of  the  balanced  net  effects  between  their  tumor  suppressing  MMP  inhibitory 
effect  and  the  cell  survival  pro-tumor  activity.  An  imbalance  between  MMPs  and  TIMPs  in  favor 
of  enzymatic  inhibition  might  be  important  in  inhibiting  tumor  angiogenesis  and  malignant 
progression,  and  therefore  lead  one  to  expect  that  an  increase  in  the  amount  of  TIMPs  relative  to 
MMPs  could  function  to  block  tumor  cell  invasion  and  metastasis.  So  far,  the  effect  of  systemic 
administration  of  TIMP  on  tumorigenesis  has  not  been  determined.  Our  previous  study  indicated  that 
TIMP-4  inhibited  tumor  growth  and  metastasis  when  it  was  transfected  into  human  breast  cancer 
cells  (13).  In  the  current  study,  we  investigated  the  effects  of  systemic  TIMP-4  gene  delivery  on 
mammary  tumorigenesis.  Unexpectedly,  we  demonstrated  for  the  first  time  that  systemic  delivery 
of  TIMP-4  by  intramuscular  administration  of  naked  TIMP-4  DNA  significantly  stimulated 
mammary  tumorigenesis  in  vivo. 
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II.  WORK  ACCOMPLISHED 


Specific  Aim  1:  Screening  of  TIMP-4  expression  in  a  variety  of  human  breast  tissues  to  more  fully 
evaluate  the  biological  relevance  of  the  TIMP-4  on  breast  cancer  progression.  Finished  (see  second 
year  report) 

Specific  Aim  2:  To  study  the  relevance  of  the  TIMP-4  transfection  to  the  invasion  and  metastasis 
of  breast  cancer  cells  in  nude  mice.  Finished  (see  second  report). 

Specific  Aim  3:  To  prepare  the  active  recombinant  TIMP-4  proteins.  Finished  (see  second  year 
report). 

NEW  STUDIES 

1.  Expression  of  TIMP-4  in  human  breast  samples.  To  assess  the  biological  relevance  of 
TIMP-4  on  mammary  tumors,  we  first  analyzed  TIMP-4  protein  expression  on  human  mammary 
specimens  including  both  normal  glands  and  malignant  carcinomas.  A  total  of  40  human  breast 
specimens  were  analyzed.  A  strong  TIMP-4  staining  (Fig.  1A)  was  observed  in  9  out  of  10  breast 
carcinomas.  We  also  selected  15  human  breast  sections  that  contain  both  infiltrated  breast  cancer 
cells  and  residual  normal  breast  epithelial  cells  in  order  to  get  an  assessment  of  TIMP-4  protein 
expression  in  normal  vs.  cancer  cells  in  the  same  tissue  section.  While  minimal  TIMP-4  staining  was 
observed  in  residual  normal  lobular  and  ductal  breast  epithelial  cells,  a  significant  TIMP-4  staining 
was  observed  in  the  infiltrating  malignant  breast  cancer  cells  (Fig.  1C  &  D). 

In  order  to  localize  the  cellular  source  of  the  TIMP-4  expression  in  mammary  gland,  we 
performed  in  situ  hybridization  analysis.  Fourteen  out  of  fifteen  in  situ  hybridization  analyses 
showed  that  TIMP-4  mRNA  was  expressed  in  stromal  cells  but  not  in  epithelial  cells.  Although 
TIMP-4  mRNA  was  detected  in  the  stromal  fibroblasts  surrounding  the  carcinoma  (Fig.  IF),  in  the 
same  sample,  the  TIMP-4  protein  was  primarily  localized  on  the  malignant  breast  epithelial  cells 
(Fig.  IE).  The  expression  of  TIMP-4  mRNA  in  stroma  is  consistent  with  the  inability  to  detect  the 
TIMP4  mRNA  in  most  breast  cancer  cell  lines  by  Northern  blot  (30). 

2.  Systemic  tumor  stimulating  effect  of  intramuscularly  administered  TIMP-4  gene. 
Since  TIMP-4  is  synthesized  in  mammary  stromal  cells,  secreted,  and  accumulated  on  cancer  cells, 
local  expression  of  TIMP-4  in  cancer  cells  by  gene  transfection  may  not  mimic  the  in  vivo  stromal- 
epithelial  interactions.  To  examine  the  functions  of  increased  TIMP-4  protein  expression  on 
mammary  tumorigenesis  and  to  study  the  effect  of  systemic  administration  of  TIMP-4  on  tumor 
growth,  we  undertook  a  gene  therapy  approach  through  intramuscular  administration  of  TIMP-4 
expression  plasmid.  Based  on  published  data  on  intramuscular  delivery  of  DNA  plasmid  (31),  we 
selected  two  doses  (50  and  150  |ig)  of  TIMP-4  expression  plasmid  for  intramuscular  injection 
followed  by  electroporation.  Sera  were  collected  prior  to  the  injection,  and  at  4,  8,  13,  and  21  days 
following  the  injection.  TIMP-4  protein  levels  were  determined  by  Western  blot  analysis.  For  the 
dose  of  50  |ag  plasmid,  serum  levels  of  TIMP-4  were  slightly  increased  over  control  at  day  4  (data 
not  shown).  However,  at  the  dose  of  150  |ig  plasmid,  serum  levels  of  TIMP-4  were  significantly 
increased.  As  seen  in  Fig.  2A,  while  there  was  a  minimal  TIMP-4  protein  in  the  plasma  prior  to  the 
injection,  when  150  p,g  plasmid  was  administrated,  the  amount  of  TIMP-4  was  increased  3  fold  at 
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4  days  following  the  injection.  A  significant  amount  TIMP-4  protein  was  observed  at  8  and  13  days 
with  a  19-  and  29-fold  increase  over  control,  respectively. 

We  injected  either  TIMP-4  plasmid  or  control  plasmid  into  intramuscular  sites  of  nude  mice 
five  days  before  inoculation  of  MDA-MB-435  breast  cancer  cells  and  every  7  days  thereafter.  Three 
independent  experiments  were  done  to  confirm  reproducibility  and  the  data  from  these  experiments 
are  summarized  in  Table  1 .  When  6  x  105  of  cells  injected,  tumors  developed  after  a  lag  phase  of  5-7 
days.  There  was  no  significant  difference  in  tumor  incidence  among  control  and  TIMP-4  injected 
mice.  However,  the  tumor  volume  of  TIMP-4  injected  mice  was  significantly  larger  than  that  of 
empty  vector  injected  mice.  Fig.  2B  shows  a  representative  of  experiment  1 .  The  sizes  of  tumors 
in  TIMP-4  injected  mice  were  283%,  327%,  253%,  and  171%  of  that  in  control  mice  at  days  7,  11, 
15,  and  21,  respectively.  Consistent  with  this  data,  a  strong  immunohistochemical  staining  of  TIMP- 
4  was  observed  in  breast  cancer  xenografts  from  TIMP-4  injected  mice  (Fig.  2D),  while  very  weak 
TIMP-4  signal  was  detectable  in  xenografts  from  control  mice  (Fig.  2C). 

In  a  separate  experiment,  we  tested  if  systemic  administration  of  TIMP-4  gene  could  increase 
the  tumor  incidence  when  the  number  of  injected  tumor  cells  was  reduced.  As  shown  in  Fig.  2E, 
when  the  number  of  injected  MDA-MB-435  cells  was  reduced  from  6  x  105  to  2  x  105,  the  tumor 
incidences  was  greatly  reduced  from  80%  (13  out  of  16)  to  5%  (1  out  of  18)  at  week  1  and  from  90% 
(15  out  of  16)  to  40%  (7  out  of  18)  at  week  2,  respectively.  However,  when  TIMP-4  was  pre¬ 
administrated  to  the  mice  inoculated  with  2  x  105  tumor  cells,  a  significant  increase  in  tumor 
incidence  and  a  decrease  in  tumor  latency  were  observed.  The  tumor  incidences  were  increased  from 
5%  in  control  mice  to  44%  (7  out  of  16)  in  TIMP-4  treated  mice  at  week  1  and  from  40%  in  control 
mice  to  88%  (14  out  of  16)  in  treated  mice  at  week  2,  respectively. 

3.  TIMP-4  enhanced  survival  of  breast  cancer  cells  in  vitro  and  breast  tumor  xenograft 

in  vivo.  To  study  if  TIMP-4  mediated  stimulation  of  tumorigenesis  is  mediated  by  its  antiapoptotic 
effect  or  growth  stimulation,  we  selected  MDA-MB-435  and  MDA-MB-453  cells  for  testing  direct 
effect  of  exogenously  added  recombinant  human  TIMP-4  on  cell  survival  in  response  to  adriamycin 
treatment.  Dose  dependence  experiments  (0.1-1  pM)  showed  that  adriamycin  induced  8%  of  cell 
death  at  the  dose  of  0.1  pM  and  over  95%  of  cell  death  at  the  dose  of  1  pM  (data  not  shown).  As 
shown  in  Fig.  3,  in  the  absence  of  TIMP-4, 19%  and  25%  of  MDA-MB-435  and  MDA-MB-453  cells 
remained  viable  after  48  hrs  treatment  with  0.5  pM  of  adriamycin,  respectively.  However,  in  the 
presence  of  TEMP-4  (80  nM),  cell  survival  increased  to  61%  for  MDA-MB-435  cells  and  65%  for 
MDA-MB-453  cells,  respectively.  Synthetic  MMP  inhibitor  BB-94  (5  pM)  had  no  significant  effect 
on  adriamycin-induced  apoptosis  (data  not  shown).  To  determine  whether  cell  proliferation  may  be 
affected  by  TIMP-4,  both  MDA-MB-  435  and  MDA-MB-453  cells  were  treated  with  80  nM  of 
TIMP-4  for  two  days  followed  by  [3H]thymidine  labeling  for  6  hrs.  The  incorporation  of 
[3H]thymidine  was  measured  by  standard  scintillation  counting.  TIMP-4  had  no  significant  effect 
on  the  proliferation  of  MDA-MB-435  and  MDA-MB-453  cells. 

The  effect  of  systemic  administration  of  TIMP-4  gene  on  apoptosis  was  investigated  in 
MDA-MB-435  human  breast  carcinoma  xenograft  model.  Since  the  most  possible  anti-apoptotic 
effects  of  TIMP-4  in  vivo  is  present  during  the  early  phase  of  tumor  onset  and  growth,  mice  bearing 
established  tumors  from  both  control  and  TIMP-4  injected  mice  were  sacrificed  at  day  7  after  tumor 
cell  injection.  PCI-neo-TIMP4  plasmid  or  empty  vector  as  control  were  injected  5  days  before  tumor 
cells  inoculation  and  2  days  after  tumor  cells  injection.  As  shown  in  Fig.  4A,  the  tumor  sizes 
increased  significantly  in  TIMP-4  treated  mice  vs.  control  mice.  Immunohistochemical  analyses  of 
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tumors  showed  that  there  was  no  significant  difference  in  proliferative  index  between  control  and 
TIMP-4  treated  mice  (Fig.  4B).  TUNNEL  assay  revealed  that  apoptotic  cells  in  tumor  decreased 
3-fold  in  TIMP-4  treated  mice(Fig.  4C).  Thus,  TIMP-4  protects  breast  cancer  cells  from  apoptosis 
both  in  vitro  and  in  vivo. 

4.  Effect  of  TIMP-4  on  apoptotic  proteins.  To  further  investigate  the  role  of  TIMP-4  in 
regulation  of  apoptosis  in  breast  cancer  cells,  we  transfected  MDA-MB-435  human  breast  cancer 
cells  with  full-length  TIMP-4  cDNA  and  named  these  transient  transfected  cells  as  TIMP4-435  cells. 
We  investigated  Bcl-2,  Bcl-XL,  Bax,  Fas,  and  FasL  protein  expression  in  TIMP4-435  vs.  control  cells 
by  Western  blot.  While  Bax,  Fas,  and  FasL  proteins  were  not  detectable  in  the  cells,  both  Bcl-2  and 
Bc1-Xl  protein  expression  were  significantly  increased  in  TIMP4-435  cells  (Fig.  5).  In  the  absence 
of  adriamycin,  TIMP-4  stimulated  Bcl-XL  expression  20-fold  and  Bcl-2  expression  4-fold.  In  the 
presence  of  adriamycin,  more  than  12-fold  stimulation  in  TIMP4-435  cells  vs.  control  cells  were 
observed  for  Bcl-XL;  while  very  weak  Bcl-2  expression  was  observed  in  control  cells  treated  with 
adriamycin  for  6  hrs,  a  significant  amount  of  Bcl-2  protein  was  present  in  TIMP4-435  cells  treated 
with  adriamycin  at  the  same  time  point. 

5.  Effect  of  systemic  administration  of  TIMP-4  on  serum  endostatin  levels.  MMP  may 

negatively  regulate  angiogenesis  by  converting  matrix  proteins  to  angiogenic  inhibitors.  Systemic 
inhibition  of  tumor  growth  by  administration  of  endostatin  gene  has  been  previously  demonstrated 
(31).  Since  endostatin  is  converted  from  type  18  collagen,  which  may  be  mediated  by  MMPs  (32), 
we  wondered  if  TIMP-4-induced  tumor  stimulation  is  mediated  by  reduction  of  endostatin  levels  as 
result  of  inhibition  of  MMPs.  Levels  of  mouse  endostatin  in  sera  isolated  from  tumor  bearing  control 
mice  and  TIMP-4  injected  mice  were  determined  using  a  commercially  available  ELISA  kit.  This 
assay  showed  that  TMP-4-induced  tumor  stimulation  was  not  associated  with  a  decrease  in 
endostatin  levels,  but  rather  a  slight  increase  in  endostatin  level  (Table  2).  The  increased  endostatin 
expression  in  TIMP-4  injected  mice  may  be  due  to  the  larger  tumor  size  of  the  TIMP-4  injected  mice 
compared  with  that  of  control  mice. 

III.  SUMMARY  OF  KEY  DATA: 

1 .  Systemic  administration  of  TIMP-4  by  electroporation-mediated  intramuscular  injection  of  naked 
TIMP-4  DNA  resulted  in  a  sustained  plasma  TIMP-4  level  and  a  significant  stimulation  of 
breast  cancer  xenografts  in  nude  mice. 

2.  In  consistence  with  tumor-stimulating  effect,  TIMP-4  stimulates  Bcl-2  and  Bcl-XL  protein 
expression  and  protects  breast  tumor  cells  in  vitro  and  mammary  tumor  xenografts  in  vivo  from 
apoptosis. 

3.  In  consistence  with  tumor-stimulating  effect,  analyses  of  clinical  mammary  specimens 
demonstrated  a  significant  increased  TIMP-4  protein  in  malignant  mammary  epithelial  cells  vs. 
normal  cells. 

IV.  SIGNIFICANCES: 

1 .  Extracellular  matrix  (ECM)-degrading  matrix  metalloproteinases  (MMPs)  lead  to  ECM  turnover, 
a  key  event  in  cancer  growth  and  progression.  The  tissue  inhibitors  of  matrix  metalloproteinase 
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(TIMPs)  limit  the  activity  of  MMPs,  which  suggests  their  use  for  cancer  gene  therapy.  It  is 
intriguing  that  our  systemic  evaluation  of  biological  effect  of  TIMP-4  on  stimulation  of 
mammary  tumorigenesis  is  in  contrast  with  the  previously  demonstrated  anti-tumor  and  anti- 
metastatic  effect  of  TIMP. 

2.  It  should  be  noted  that  the  previously  established  dominant  anti-tumor  effect  of  TIMP  is 
primarily  based  on  local  expression  of  TIMP  gene  in  cancer  cells  but  not  by  systemic  evaluation 
of  TIMP  function.  Since  TIMPs  are  primarily  expressed  in  stromal  cells  but  not  in  malignant 
epithelial  cells,  local  expression  of  TIMP  in  cancer  cells  may  not  mimic  stromal-epithelial 
interaction  in  vivo. 

3.  TEMP  has  both  MMP  inhibitory  effect  and  the  growth  promotion  and  anti-apoptotic  activity.  A 
systemic  assessment  of  the  balanced  net  effects  between  their  tumor  suppressing  MMP  inhibitory 
effect  and  the  cell  survival  pro-tumor  activity  is  required  to  address  the  potential  TIMP  mediated 
tumor  gene  therapy.  Our  data  indicated  that  the  anti-apoptotic  effect  of  TIMP-4  plays  a  key  role 
in  TIMP-4  mediated  tumor  stimulation.  Therefore,  systemic  administration  of  TIMP  clinically 
to  block  MMP  may  not  exert  tumor-suppressing  effect  as  people  expected  but  may  promote 
disseminated  cells  to  establish  overt  metastases  or  to  promote  residual  minimal  disease 
recurrence.  In  this  regard,  the  potential  cancer  treatment  by  targeting  TIMP  warrants  further 
investigation. 

4.  The  increased  TIMP  expression  was  demonstrated  in  a  variety  of  different  tumors.  Although 
TIMP-1  and  TEMP-2  were  shown  to  reduce  tumor  cell  invasion  and  through  MMP  inhibition. 
However,  immunohistochemical  studies  showed  that  increased  TIMP-1  expression  is  often 
associated  with  negative  prognosis  in  many  human  solid  tumors,  including  metastatic  breast 
cancer,  colorectal  cancer,  gastric  carcinoma,  lymphoma,  and  non-small  cell  lung  carcinoma.  It 
was  demonstrated  that  the  clinical  outcome  of  breast  cancer  is  more  closely  related  to  the 
presence  of  TEMP2  in  the  peri-tumoral  stroma  than  to  the  corresponding  MMPs.  Our  systemic 
evaluation  of  biological  effect  of  TIMP-4  on  stimulation  of  mammary  tumorigenesis  provides 
the  basses  for  unexpected  results  of  these  clinical  studies  as  well  as  a  new  conceptual  basis  for 
design  of  strategies  that  use  MMP  inhibitors  as  a  probe  for  proteinase  function  in  cancer  gene 
therapy.  Such  an  approach  will  be  useful  for  evaluating  the  functions  of  other  members  of  TEMP 
and  MMP  families. 
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Figure  Legends 

Fig.  1.  Expression  of  TIMP-4  protein  and  mRNA  in  human  mammary  gland.  Cells  stained  brown 
indicate  TIMP-4  expression.  All  Sections  were  counterstained  lightly  with  hematoxylin  for  viewing 
negatively  stained  epithelial  and  stromal  cells.  Sections  in  A-E  are  immunohistochemical  staining 
and  section  F  is  in  situ  hybridization.  (A)  A  strong  TIMP-4  protein  staining  in  a  highly  infiltrating 
breast  carcinoma.  (B)  As  a  negative  control,  no  signal  of  TIMP-4  protein  was  detected  in  the  same 
sample  when  the  section  was  stained  with  non-immunized  control  IgG.  (C)  A  strong  positive  TIMP- 
4  staining  in  infiltrated  malignant  breast  cancer  cells  (arrows)  in  comparison  with  a  much  weak 
TIMP-4  staining  in  surrounding  residual  normal  mammary  lobule  epithelial  cells.  (D)  Relatively  high 
levels  of  TIMP-4  staining  in  malignant  breast  cancer  cells  (arrow-  head)  compared  with  surrounding 
residual  normal  mammary  ductal  epithelial  cells  (arrow).  (E)  A  strong  positive  staining  of  TIMP-4 
protein  in  malignant  epithelial  cells;  in  contrast,  non-detectable  or  much  less  TIMP-4  staining  was 
observed  in  stromal  cells  surrounding  ductal  carcinoma  in  situ  (DCIS).  (F)  In  the  same  slide  as  E, 
TIMP-4  mRNA  was  detected  in  stromal  cells  surrounding  the  DCIS  but  not  in  malignant  epithelial 
cells.  The  section  was  also  hybridized  with  the  sense  probe  and  no  detectable  background  staining 
was  observed  at  the  same  conditions  for  the  anti-sense  probe. 

Fig.  2.  Effects  of  systemic  administration  of  TIMP-4  gene  on  mammary  tumor  growth  and  incidence. 
(A).  Serum  derived  TIMP-4  protein  following  intramuscular  injection  of  the  plasmid.  Ten  pi  aliquots 
of  sera  collected  before  and  at  4, 8, 13,  and  21  days  following  a  single  intramuscular  injection  of  150 
|ig  TIMP-4  expression  plasmid  were  subjected  to  western  blot  analysis  with  anti-TIMP-4  antibody. 
Figure  represents  a  time  course  of  serum  TIMP-4  levels  in  one  mouse.  Similar  TIMP-4  levels  were 
observed  in  all  5  mice  tested  for  each  time  point.  (B)  Time  course  of  TIMP-4  stimulated  mammary 
tumorigenesis.  The  data  were  plotted  based  on  experiment  1  in  Table  1.  The  number  of  cells  injected 
was  6  x  105.  (C-D)  Accumulation  of  TIMP-4  on  tumor  xenograft  sections.  Mice  were  sacrificed  at 
day  10  after  tumor  cell  injection  (15  days  after  administration  of  TIMP-4  gene).  Tumor  sections 
collected  from  both  control  plasmid  and  TIMP-4  expression  plasmid  injected  mice  were  subjected 
to  immunohistochemical  analysis  with  TIMP-4  antibody.  While  there  was  a  minimal  TIMP-4  protein 
on  tumor  xenograft  from  control  mice  (C),  tumor  xenograft  from  TIMP-4  plasmid  injected  mice 
showed  strong  TIMP-4  immunoreactivity  (D).  (E).  Tumor  incidences.  MDA-MB-435  cells  were 
injected  either  at  6  x  105  or  at  2  x  105  cells  per  injection.  TIMP-4  administration  was  described  in 
Table  1.  Tumor  incidences  were  analyzed  in  three  groups.  Control  1,  8  control  mice  were  injected 
with  6  x  105  cells/injection.  Control  2,  9  control  mice  were  injected  with  2  x  105  cells/injection. 
TIMP-4,  8  TIMP-4  treated  mice  were  injected  with  2  x  105  cells/injection.  For  all  three  groups,  each 
mouse  received  2  injections. 

Fig.  3.  Effects  of  rTIMP-4  protein  on  Adriamycin-induced  apoptosis.  MDA-MB-453  (A)  and  MDA- 
MB-435  (B)  cells  were  grown  in  96  well  plates.  Each  treatment  group  consisted  of  ten  wells.  Cells 
were  pretreated  with  or  without  80  nM  recombinant  human  TIMP-4  for  24  hours  and  then  treated 
with  0.5  |iM  of  Adriamycin  for  12  hours.  Cells  were  harvested  2  days  after  adriamycin  treatment. 
Survivals  of  untreated  cells  (control)  were  taken  as  100  percent  and  all  other  survival  ratios  were 
normalized  to  the  control.  Data  represent  the  mean  ±  SD  of  ten  cultures. 

Fig.  4.  Effects  of  systemic  administration  of  TIMP-4  on  apoptosis  and  proliferation  of  breast  cancer 
xenograft.  (A).  Tumor  size  from  control  and  TIMP-4  treated  mice  at  7  days.  Intramuscular  injection 
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of  control  and  TTMP-4  plasmids  and  tumor  cells  injection  were  described  in  Table  1.  The  average 
tumor  size  was  increased  5-fold  (pcO.OOl)  in  the  TIMP-4  treated  mice  vs.  control  mice.  (B). 
Histological  analysis  sections  of  tumors  from  TMP-4-treated  and  control  human  breast  carcinomas 
were  analyzed  for  proliferation  (PCNA).  There  was  no  significant  difference  in  the  proliferative 
index  of  tumor  cells  in  treated  versus  untreated  tumors.  (C).  Histological  sections  of  tumors  were 
also  analyzed  for  apoptosis  (TUNEL  assay).  The  apoptotic  index  of  the  tumor  cells  decreased  3-fold 
(p<0.01)  in  the  TIMP-4  treated  mice. 

Fig.  5.  Analyses  of  the  bcl-2  and  bcl-XL  protein  expression.  Both  control  MDA-MB-435  cells  and 
TIMP-4  transfected  cells  were  treated  with  1  [iM  adriamycin  for  6  hours.  Total  cellular  proteins  were 
isolated  before  and  after  adriamycin  treatment,  normalized,  and  40  pg  of  total  protein  were  subjected 
to  Western  blots.  Bcl-2  protein  was  detected  as  28KD  band  by  mouse  anti-bcl-2  monoclonal 
antibody.  Bel-  XL  protein  was  detected  as  30KD  band  by  rabbit  polyclonal  antibody.  Expression  of 
P-actin  was  used  as  a  control  for  protein  loading. 


Table  2.  Effect  of  systemic  administration  of  TIMP-4  gene  on  serum  endostatin  level 


Treatment 

Tumor  volume  (mm3) 

Endostatin  level  (ng/ml) 

Control  mice 

855.4  ±161.5 

67.5  ±7.3 

TIMP4  injected  mice 

1040.8  ±  101.2 

95.8  ±  10.9 

From  experiment  1  in  Table  1,  sera  were  isolated  from  control  and  TIMP-4  mice  at  28  days 
following  injection  of  breast  cancer  cells.  There  were  five  mice  in  each  group.  Twenty  jllI  of 
serum  from  each  mouse  was  subjected  to  endostatin  ELISA  analysis  (Chemikine™  Mouse 
Endostatin™  EIA  Kit,  Chemicon  International,  Inc.  CA)  according  to  the  manufacture’s 
guideline.  The  data  represent  the  mean  of  five  mice  in  each  group. 
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